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PROGRESS 
REPORT ON 
DRYER DRUM 
PROCESS FOR 
PRODUCING 
BITUMINOUS 
CONCRETE MIXES 


by 1 Edwin C. Granley and Robert E. Olsen 


Introduction 


HE DRYER DRUM process has been used for a number 

of years to produce hot emulsion mixes. These were 
produced under a license from K. E. McConnaughay Company, 
Inc., who pioneered in promoting and developing this process. 
However, here and in Europe, the producers, including McCon- 
naughay, have expanded this concept to include preparation of 
mixes using penetration grade asphalts. The earliest documented 
experimentation we are aware of was done by the Asheville 
Paving Company (/)? in 1959. They operated a plant in Ashe- 
ville, N.C., for several months, but were unable to convince the 
State of its capabilities to produce a low cost mix. Therefore, the 
use of the process with penetration grade asphalts was essen- 
tially dormant until 1970, when plants in Iowa and Washington 
started operation. 

The dryer drum mixing method of producing bituminous mix- 
tures is a relatively simple process. Cold aggregates are blended 
on belts according to formula and fed into the dryer drum where 
penetration grade asphalt—with or without proprietary additives 
—is introduced. In the rotating drum, the aggregate is simul- 
taneously heated, dried, and coated with asphalt. The mixture 
is discharged onto a conveyor and elevated to a hot storage 


* Presented to the NAPA’s (National Asphalt Pavement Association) 
18th Annual Convention, Miami, Fla., Jan. 31, 1973, and AASHO’s 
(American Association of State Highway Officials) 58th Annual Meet- 
ing, Phoenix, Ariz., Nov. 28, 1972. 

* Italic numbers in parentheses refer to the references listed on page 
210. 
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bin and then to the hauling equipment. It is necessary for aggre- 
gates to be correctly blended at the cold feed source. This has 
been accomplished successfully with mechanical feeders and 
proper stockpiling techniques. 


The dryer drum process eliminates many pieces of operating 
equipment normally associated with a conventional mixing 
plant such as the bucket elevator, the screening plant with 
dust covers, hot bins, weight hoppers, assorted controls, and 
the pugmill mixer. Another advantage is the reduction of 
fuel consumption since mixtures are usually produced at lower 
temperatures. 


It is also possible that the control of dust emissions from 
the exhaust stack will be less of a problem than with a con- 
ventional plant. Currently, steps are being taken for the 
purchase of equipment and the training of personnel to make 
studies of stack emissions of a selected number of conventional 
and dryer drum plants. This should provide valuable data 
regarding the range of pollutants now being emitted from both 
types of operations. 


The Federal Highway Administration (FHWA) became in- 
volved in evaluating the characteristics of this process in 1971 
in the State of Washington. Mr. William L. Allen, Jr., Area 
Engineer in the FHWA Washington Division, instigated a study 
program of the operation of a Shearer-designed plant that was 
producing mix for private work. Test data gathered from this 
initial evaluation effort indicated that a satisfactory mix was 
being produced (2,3). 
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North Dakota State Highway 32 south of Edinburg. 


A McConnaughay-designed turbulent mass plant also pro- 
duced mixes for projects in Iowa during the 1970 and 1971 
seasons. The results were reported in 1972 by James Zicgler 
(4) of Ronald Kenyon Construction Company at the 17th 
Annual NAPA Convention. Operations of this plant followed 
an operating procedure similar to that used in Washington 
except that a chemical agent was added to aid in coating. 

Since it was evident that industry was becoming more inter- 
ested in using this process, the evaluation scope widened in 
1972 to include data on the quality of mixtures produced in 
plants operated in North Dakota, fowa, and Minnesota. 

The first study was conducted in North Dakota on the 
bituminous hot mix produced in a Shearer-designed dryer. This 
10 by 40 ft. butane-propane-fired dryer was used to pro- 
duce mixes for overlaying and widening an existing pavement 
on State Route | north from Lakota. The surfacing mixture 
consisted of 200/300 penetration grade asphalt and 5/8 in. 
maximum size dense-graded crushed-gravel aggregate. On 
two additional short sections, mixtures containing 85/100 and 
120/150 penetration grade asphalt were laid to evaluate their 
performance. On each section, one-half of the mixes were 
produced at 200°-220° F and the other half at higher tem- 
peratures. Normal procedures were used for compacting these 
sections. Production rates varied from 240 to 400 tons per 
hour. 

The second study, conducted in Iowa, was on a 9 by 36 ft. 
Cedarrapids turbulent mass process dryer. This unit was 
producing base material at 190° F and surfacing material at 
260° F for an Emmet County project near Estherville. Dur- 
ing the observation period, 5/8 in. maximum size crushed 
gravel and 120/150 penetration grade asphalt were used for 
the base mixture and 85/100 for the surfacing course. A 
butane-purpose mixture was used for fuel and a proprietary 
chemical agent was added to aid in coating the aggregate. 
Production varied from 275 to 340 tons per hour. 

The third study was made on a 9 by 32 ft. fuel-oil-fired 
Barber—Greene dryer at Olivia, Minn. During the first phase 
of this study, the plant was used to produce an overlay ma- 
terial for city streets in Olivia. The mix was a blend of 3/8 
in. maximum-size taconite aggregate and 120/150 penetration- 
grade asphalt and was mixed between 310° and 360° F. For 
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the second phase, 5/8 in. maximum-size crushed gravel aggre- 
gate and 120/150 penetration-grade asphalt were used for 
surfacing Route 21 in Renville County. The temperature of 
the mix produced at the plant in this phase was 230° F. The 
production rate for both mixes was 200 tons per hour. 


Testing Procedures 


Evaluation of the dryer drum process was directed primarily 
toward obtaining answers to two questions concerning quality: 

(1) Was the mixture being harmed by exposure to the di- 
rect flame in the dryer? 

(2) Would the equipment consistently produce a uniform 
product? 


Hardening of asphalt 


Answers to the first question regarding possible harm to the 
mixture through exposure to heat in the dryer were obtained 
by determining the degree of hardening of asphalt through the 
various stages of the process. Tests were made in the following 
order: 

(1) A penetration test value of the original asphalt was 
determined. 

(2) Penetration tests were made on recovered asphalt from 
mixture samples obtained at the plant and at the paving site. 
These two sets of samples were placed in gallon cans con- 
taining solid carbon dioxide. The cans were immediately 
capped. Carbon dioxide gas replaced the air in the mixture 
and escaped through a pinpoint hole in the lid. The can lid 
and pinhole were sealed with solder when pressure buildup 
ceased. This procedure was designed to ensure that the mix- 
ture would be in an inert atmosphere during shipment and 
storage. The cans were shipped to the Federal Highway Ad- 
ministration Fairbank Highway Research Station at McLean, 
Va. There the samples were maintained at 0° F until sched- 
uled for testing. Companion samples were obtained to deter- 
mine moisture content of the mixtures. 

(3) The standard thin film oven test, AASHO T-179, 
was made on the original asphalt samples obtained from de- 
livery trucks. This test measures the effect of heat and air 
on semisolid asphalt materials. The results may be used as 


September 1973 @ PUBLIC ROADS 


























a guide to the amount of hardening that may occur during 
the operation of a hot mix plant. 

(4) Another simulation test was made in the laboratory on 
samples of asphalt and dried aggregates from the Iowa and 
North Dakota projects. These samples were combined in the 
same proportion as on the respective projects and mixed at 
325° F for 2 minutes in the standard laboratory mixer. The 
mixture was molded at 255° F. The hot molded specimen was 
then crumbled and flattened on a pan and subjected to 325° 
heat for 20 minutes after which it was kept at 0° F until the 
recovery test was made. This nonstandard test was designed 
to duplicate expected hardening that would occur in conven- 
tional production samples obtained at the paving site. 

Test results pertaining to asphalt hardening are shown in 
figures 1 through 5. All penetration tests on recovered as- 
phalt were well above the counterpart thin film oven test 
value and also above those for simulated pugmill mixing tests 
on the orignal asphalt. This signifies that the asphalt in the 
mixes produced by dryer drum operations was not prematurely 
hardened. It should also be noted that recovered penetra- 
tion values were not affected by extremes of mix temperatures. 
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Figure 1—Penetration at 77° F 200/300 grade asphalt. 
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Figure 2.—Penetration at 77° F 85/100 grade asphalt. 
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Figure 3.—Penetration at 77° F 120/150 grade asphalt. 
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Figure 4.—Penetration at 77° F 85/100 grade asphalt. 


NORTH DAKOTA 












3 SES RA NS ESPN a, DA ASS 
=/ THIN FILM OVEN TEST <i> )) Vid eis IS 


/ \-vs,4 
7 
CpG NF 







AASHO T-179 





1 , more 
1 rd ea Ane, 
CSS Saye 





LOW TEMP MIX -n=5 AVG TEMP = 216°F 
RECOVERED - PLANT 
HIGH TEMP MIX-n=5 AVG TEMP = 239°F 


ORIGINAL 








sl 
0 50 100 150 
PENETRATION (0.01mm) 
Figure 5.—Penetration at 77° F 120/150 grade asphalt. 
207 


Figure 3 shows that in the Minnesota project essentially the 
same penetration value from recovered asphalt was obtained 
even though the average temperature difference for the two 
mixes was 101° F. The same trend is evident in figures 4 and 
5 for data from the North Dakota project although smaller 
average temperature differences were maintained. 

The above tests were conducted under the direction of 
Edward R. Oglio, Highway Research Engineer, Materials Di- 
vision, Office of Research, FHWA. 


Uniformity of asphalt 


The second question to be answered relates to the ability 
of the dryer drum process to produce a consistently uniform 
product relative to asphalt content and aggregate gradation. In 
the Iowa and North Dakota plants, changes in the rate of 
flow of asphalt were controlled automatically by the aggregate 
belt scale system to match variation in aggregate flow rates. 
The Minnesota plant was controlled manually. The standard 
deviations of extracted asphalt content for the plants investi- 
gated in this study were compared with standard deviations 
of 26 conventional batch plants (5) as shown in figure 6. The 
relative ranking shows that uniformity of asphalt content was 
comparable in quality to that maintained by the 26 plants 
which produced satisfactory mixtures. 


Uniformity of aggregate gradation 


Another quality factor is gradation control. The success of 
the dryer drum operation depends on good cold feed control 
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Figure 6.—Asphalt extraction testing. 
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which in turn depends on the uniformity of stockpiled materials. 
The stockpile aggregates in each State were, on the average, 
within the specified grading band limits. However, on the 
North Dakota project, some material in the stockpile ex- 
ceeded the limits set forth for the No. 4 and No. 200 sieves 
(fig. 7). Additional screening would not have remedied this 
slight deviation since the trouble was in the gradation of the 
stockpile. In Iowa, the aggregate gradations met the require- 
ments for the sieves shown, as indicated by the crosshatched 
area within the specified grading band limits in figure 8. 
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Figure 7.—Specified grading band and project 
(+) two standard deviation spread. 
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Figure 8.—Specified grading band and project 
(+) two standard deviation spread. 
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Scenes of dryer drum mixers in operation in North Dakota, Minnesota, and Iowa. 


Compaction 


Past research (6) has indicated that to achieve maximum 
density, breakdown rolling—both steel and pneumatic—should 
be completed before the pavement temperature drops below 
220° F. Yet in North Dakota specified densities were ob- 
tained when the mix containing 2 percent moisture was com- 
pacted at 190° F by a single-vibrator roller—usually after 
five passes. An interesting correlation resulted when the unit 
weight from hot samples obtained from the plant at 210° F 
was compared with those made from mixes at 250° F. The 
unit weights were the same even though the moisture content 
varied from about 2 percent for the low temperature mixes 
downward to less than 42 percent for the higher temperature 
mixes. In Iowa, for example, the temperatures of the mixes 
were maintained from 230° to 250° F to achieve proper 
density. Moisture content at these temperatures was 0.4 per- 
cent. These examples show that the effect of water as an aid 
to compaction has not been fully explored or explained and 
suggests that research is needed in this area. 

Until more experience is gained, it is not possible to fore- 
cast the effect of water in the mix at the time of compaction. 


PUBLIC ROADS @ Vol. 37, No. 6 


The long-term benefits to be achieved by mixing at lower tem- 
peratures, resulting in less premature hardening, make this 
production procedure attractive. 


Dust emission 


Dust emissions from conventional bituminous hot mix plants 
have created much adverse attention. This dust can be trapped 
to meet emission standards only by the addition of an elaborate 
and costly collector system. Without such additional control 
equipment, the exhaust from the conventional dryer drum 
plant exits directly into the atmosphere. The dryer drum 
plants observed did not have any such control equipment, 
nevertheless, visual observations of their dust emission varied 
from being almost invisible to light gray in intensity. This 
would seem to be a major benefit; however, the need for fu- 
ture control cannot be properly evaluated until more opera- 
tional experience is gained. Although it may not solve all 
emission problems, we believe—from visual appearances— 
that much simpler control equipment will be needed for the 
dryer drum process. 
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Production costs 


Cost savings resulting from the use of the dryer drum proc- 
ess to produce bituminous hot mix was not within the scope of 
this evaluation. It would appear that investment in equipment 
would be less, since the dryer has been assigned the double 
duty of drying and mixing, thereby eliminating the need for 
the pugmill and its supporting units. Increased portability 
and possible lower mixing temperatures would also enter into 
the economic picture. Estimates of savings range from 30 to 
60 cents per ton. The only valid and meaningful figures will 
have to come from industry through the competitive bidding 
system. 

Observations made on plants in Iowa, North Dakota, and 
Minnesota showed variations of plant design and operation 
that can affect production and cost. These include: position 
and shielding of burner; length of flame; length, slope, rotational 
speed and flight configurations of the dryer; air velocity; rate 
of feed; stack temperature; and the position for adding bitumi- 
nous materials. Each of these cited differences in plant design 
and operational characteristics can have an effect on production 
rates, efficiency of coating and mixing, and emissions. This is 
an area where refinements in design and operational techniques 
will result as more field experience is gained. 

Over 800,000 tons of bituminous hot mix were produced 
by the dryer drum process in the United States during the 1972 
construction season—10 times greater than that for the preced- 
ing year. Of this total, 425,000 tons were produced in North 
Dakota, 300,000 in Iowa, 135,000 in Minnesota, and lesser 
amounts in Oregon and Michigan. Trial use of this process has 
been approved for projects in several other States for the 1973 
construction season. 

This novel process reflects a technical advance which was 
not considered possible a few years ago. It has won acceptance 
in several States and is being watched with interest throughout 
the country. This is a healthy atmosphere for implementing a 
major technological breakthrough. 


Conclusion 


The Federal Highway Administration studies have shown 
conclusively that a quality mix can be produced by the dryer 
drum process that is at least equal to that being produced by 
conventional plants. Long term observations of completed 
projects will provide answers as to whether a more durable mix 
is being produced. 

The North Dakota State Highway Department’s special pro- 
vision to the hot bituminous pavement specifications is one 
approach used to provide an option for the bidder. This provi- 
sion is essentially as follows: 


The contractor may elect to operate the hot mix plant without 
plant screens. The basic requirements of this method of operation 
are to remove all plant screens with the exception of the scalping 
screen. Permission to continue under this option may be rescinded upon 
failure to maintain production within the specified gradation limits. 
Under this option the following paragraphs will apply: 


The aggregate shall be separated into two general sizes prior to be- 
ing fed into the dryer. The material retained on the %- by 1-inch 
slotted sieve shall be crushed to meet the maximum size specified in 
the contract and placed in a stockpile. The material passing the 1%2- by 
1-inch slotted sieve shall be placed in a separate stockpile. 

The engineer will determine after production begins, the percentage 
of material passing the No. 4 sieve in each respective pile. The engineer 
will determine when a sufficient volume of material has been produced 
so that the average percentage passing No. 4 sieve can be used as a 
target value to be maintained within a tolerance of plus or minus 5 
percentage points for the remainder of. the aggregrate produced from 
the aggregate source. 

Each individual aggregate shall be fed through a separate feeder 
that has a positive feed and that can be easily and accurately cali- 
brated. The feed shall be quick adjusting and shall maintain a con- 
stant and uniform flow throughout the range of its calibration. 

The point of acceptance for the physical properties of the aggre- 
gates will be in the stockpiles at the plant site. Acceptance testing for 
aggregate gradation will be performed just prior to the addition of bi- 
tuminous material to the mixture. 

An approved dryer-drum mixing process will be permitted in lieu 
of pugmill mixing. The system shall provide positive weight control 
of the cold aggregate feed, by use of a belt scale or other device 
which will automatically regulate the feed gate and permit instant cor- 
rection of variations in load. The cold feed flow shall be automatically 
coupled with the bitumin flow to maintain the required proportions. 
The system shall be equipped with automatic burner controls and shall 
provide for temperature sensing of the bituminous mixture at discharge. 
If the dryer-drum mixing process is used, the following applies: 

(1) The moisture content of the bituminous mixture at discharge 
from the mixer shall not exceed 3 percent. 

(2) The temperature of the bituminous mixture at discharge from 
the mixer shall not exceed 300° F. The actual mixing temperature 
shall be adjusted as directed by the Engineer, within the allowable 
limitations, to best suit construction conditions. 
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FROST HEAVE AND 
THE RAPID FROST 


HEAVE TEST 


by J. Harold Zoller 


Introduction 


HE effects of frost action in founda- 

tions have constantly intrigued and 
frustrated designers of transportation fa- 
cilities and buildings. Shifted and cracked 
buildings, warped and fragmented road 
surfaces, and tilted retaining walls bear 
mute testimony to the harshness of frost 
damage resulting from improper designs. 
Through experience, designs have been 
evolved (/, 2, 3, 4)! which minimize or 
eliminate these problems. 

For buildings, the solution often is to 
construct the footings at a depth which is 
below the frost line. For streets and 
highways, the detrimental effects of frost 
action are frequently controlled by plac- 
ing a nonfrost-susceptible base or subbase 
material to a depth equal to or greater 
than that of the anticipated frost penetra- 
tion. However, high quality granular ma- 
terial is becoming scarce while demand 
for suitable materials seems to be in- 
creasing. 

A further and increasingly urgent con- 
sideration stems from the concern of the 
ecologist that the environment remain un- 
disturbed by all the activities of the road 
builder. Amid such constraints it is im- 
perative that new construction techniques 
be evolved, new sources of materials be 


‘Italic numbers in parentheses identify the 
references on page 220. 
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Use of an appropriate test method for determining the frost suscepti- 
bility of subbase and base course materials should permit the selection of 
materials that would prevent detrimental effects of frost action in the 
lower layers of a pavement system. Proper determination of the frost sus- 
ceptibility of available local materials might permit the use of some gran- 
ular materials that had, by previously used criteria, been considered un- 
satisfactory. Therefore, a reduction in construction and maintenance cost 
of pavements should result. 

A rapid test to measure the frost susceptibility of materials for use 
in subbase and base courses of pavements is described in this article. 
A frost susceptibility classification, based on the heave rate of the tested 
material, is presented. The mechanics of frost heave and parameters af- 
fecting frost heave of soil materials are also discussed. Use of the test 
to select nonfrost-susceptible materials for subbase and base courses 
should reduce pavement maintenance costs. 

The test method should be evaluated in other States, with local materials, 
to determine that the heave rates obtained in the laboratory test approxi- 
mate those in the highway structure, and that the range in heave rates 
designated by New Hampshire for various frost susceptibility classes are 
appropriate. 


located, new standards of acceptability be 
adopted, and a means be found of bene- 
ficiating previously unsatisfactory ma- 
terials. 

The rapid freeze test described in this 
article was devised to provide a rapid, 
economical, and accurate measure of the 
frost susceptibility of granular materials 
for use above natural subgrades to prevent 
or control detrimental frost heave. 


Investigation into the phenomenon of 
frost heaving of New Hampshire pave- 
ments and the practical solution of related 
problems which result from such action 
was initiated in 1965 by the civil engi- 
neering department of the University of 
New Hampshire (UNH) as the contract- 
ing agency in cooperation with the New 
Hampshire Department of Public Works 
and Highways and the U.S. Department 
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of Transportation, Federal Highway Ad- 
ministration. Currently these studies have 
delved into the question of why and how 
frost heaves occur, and what factors are 
best suited to predict frost potential of a 
granular base. 

An attempt was made to relate various 
physical properties and characteristics of 
soils to the frost susceptibility of the ma- 
terials. Tests included grain size and 
hydrometer analyses, specific gravity of 
fine and coarse fractions, moisture-densi- 
ty, capillarity, permeability, liquid limit 
and plastic limit. Soil samples were sub- 
jected to x-ray diffraction to identify 
mineral composition and were examined 
by the electron microscope to determine 
particle shape and structure. Effects of 
variations in density of soil and rates of 
freezing were investigated. Soil-gradation 
improvements, by washing to remove fines 
and adding coarse material, were tried. 
Moisture migrations in closed systems 
caused by thermal gradients at freezing 
temperatures were also studied. 

When the variables just mentioned were 
combined into meaningful parameters and 
analyzed by computer in a regression 
analysis, it was found that predictions of 
an unknown soil’s frost behavior were 
unacceptably inaccurate. Thereafter, no 
major attempt was made to correlate a 
soil’s frost heave prediction with combi- 
nations of its normal test characteristics 
except in a broad sense. Rather, the thrust 
of the program recently has been to de- 
velop and perfect equipment and proce- 
dures for a rapid frost heave test and to 
gain as much experience with it as possi- 
ble. Fifty-six soil samples from construc- 
tion sites were submitted by the State of 
New Hampshire for analysis. 

Equipment developed by the project 
has been turned over to the State and 
personnel have been trained so that the 
rapid frost heave tests are now being 
conducted by the State on questionable 
materials. 

As a result of the frost heave testing 
program at UNH, materials that could not 
pass the specifications for base course 
construction in use 5 years ago are now 
being used by the New Hampshire De- 
partment of Public Works and Highways 
with assurance that no detrimental frost 
heaving will result. 


Mechanics of Frost Heave 


When water is converted to ice at at- 
mospheric pressure it expands approxi- 
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mately 9 percent. The expansion of many 
natural soils upon freezing has been 
observed to be much greater than is 
explained by the mere expansion of the 
water within the voids of the soil. 

Taber (5) and Beskow (6) point out 
that frost heaving results from the growth 
of ice crystals as influenced by pressure, 
the rate and direction of heat transfer, and 
soil stratification. Ice crystal growth under 
pavements is usually in a vertical direction 
and is dependent on a continuous supply 
of water. For a slow rate of frost pene- 
tration—0.25 inch per day—the rate of 
heave of a soil increases as the percentage 
of grains finer than 0.02 mm diameter 
increases (Linell and Kaplar) (7). Casa- 
grande (8) states that considerable ice 
segregation should be expected in non- 
uniformly graded soils with more than 3 
percent by weight finer than 0.02 mm 
size, and in uniformly graded soils with 
more than 10 percent finer than 0.02 mm 
size. 

The Corps of Engineers (9) has classi- 
fied frost-susceptible soils in the following 
manner: 

® Fl materials, the least frost suscepti- 
ble, are gravelly soils containing between 
3 and 20 percent by weight finer than the 
0.02 mm size. 

@ F2 materials include sands with 3 
to 15 percent by weight finer than the 
0.02 mm size. 

@ F3 materials include gravelly and 
sandy soils not in the Fl and F2 groups, 
and clay with plasticity index of more 
than 12 percent. 

@ F4 materials are the most frost sus- 
ceptible of all soils and include all silts, 
silty sands, lean clays with plasticity index 
less than 12 percent, and most varved 
clays. 

The Corps of Engineers also classifies 
soils quantitatively in terms of rate of 
heave of a specimen which has been pre- 
pared and frozen under standard test con- 
ditions (J0). According to this criterion, 
the frost susceptibility of a soil is classi- 
fied as negligible, very low, low, medium, 
high or very high, as the rate of heave 
varies on a scale from 0 to more than 8.0 
mm per day. 

Generally, the following conditions are 
necessary for detrimental frost action: 

@ The soil must be frost susceptible in 
terms of its grain size. 

@ A supply of free water must be avail- 
able within the height of capillary rise of 
the soil. 


@ The soil must be sufficiently permea- 
ble to permit the rapid upward flow of 
water. 

@ A subfreezing temperature must be 
applied to the soil surface. 


Soil Parameters in the Frost Heave 
Equation 

The common soil parameters which in- 
fluence the frost susceptibility of a ma- 
terial are thought to be permeability, 
capillarity, gradation, and density. In 
addition, surcharge, mineral type, and 
dissolved salts influence the amount and 
severity of detrimental frost action. 


Permeability and capillarity 


The permeability of a soil is a measure 
of its ability to permit the flow of water 
through it. The coefficient of permeabil- 
ity, k, is the average velocity of flow under 
a hydraulic gradient of unity, and is 
usually expressed in cm/sec (//). The 
velocity depends on both the area avail- 
able for flow and the configuration of the 
path of flow. In general, fine-grained soils 
have smaller void spaces and more tortu- 
ous flow paths than do coarse-grained 
soils. Therefore, soil permeability gener- 
ally decreases with increasing proportions 
of fines. 

The capillary saturation developed in a 
soil is dependent on its saturation history. 
If the soil has been previously saturated 
or water is able to percolate downward 
through the soil, a higher degree of ca- 
pillary saturation will be obtained than 
when the water is raised by capillarity 
from below. Water rising in a dry soil due 
to capillary pressure entraps air in the 
large voids, resulting in a lower degree 
of saturation. It is obvious that the per- 
cent saturation will affect the quantitative 
flow of water to the freezing zone. 


Gradation and density 


The gradation is the distribution of 
sizes of individual particles, usually in 
terms of proportions by weight of dry 
soil. Gradation has an effect on permea- 
bility and capillarity of the soil. For exam- 
ple, if a few coarse particles are added 
to a fine-grained soil, the permeability 
may be slightly reduced because total 
pore space is reduced, while the capillarity 
is relatively unchanged. However, if a 
large amount of coarse-grained material 
is added, the permeability will increase 
because there is an insufficient amount of 
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fine-grained material to fill the voids cre- 
ated by the coarse-grained material (4). 
A decrease in capillarity would also result 
from the increase in pore sizes. Therefore, 
the rate at which water will move to a 
freezing zone in a soil is a function of the 
gradation. 

The density of a soil is its weight per 
unit volume, and may refer to the soil 
mineral (dry density) only or to moist 
soil (wet density). As the density of the 
soil is increased, the pores become smaller 
and capillarity increases while permea- 
bility is reduced. Increasing the capillar- 
ity Causes an increase in frost heave po- 
tential on the soil until a critical density 
is reached (6, 72). Beyond this point, 
an increase in density continues to cause 
an increase in capillarity; however, the 
steady decrease in permeability now be- 
comes the major factor and the rate of 
upward flow of water is decreased. It has 
been reported that, since materials used 
in the construction of roads are usually 
compacted beyond the critical density, an 
increase in compactive effort will cause 
a slight decrease in frost heave potential 
izes). 

Thermal conductivity is also affected 
by density; an increase in density causes 
more and better points of contact between 
particles, which results in increased 
thermal conductivity. 

The dry density of the soil depends on 
its porosity and gradation, the size and 
shape of the particles, the type and mag- 
nitude of compactive effort, and molding 
moisture content. A _ soil of uniform 
gradation is highly porous because the 
particles are the same size. A nonuni- 
formly graded soil contains particles of 
varying sizes so that smaller grains are 
available to fill the pore spaces among the 
larger grains, resulting in higher density 
and smaller pore spaces than that of a 
uniformly graded soil. Therefore, a soil 
of uniform gradation is able to tolerate a 
comparatively higher percentage of fines 
without detrimental frost action than a 
nonuniformly graded soil, because it has 
more void space. Using the frost-suscepti- 
bility criterion of not more than 3 percent 
finer than the 0.02 mm size, therefore, 
may lead to the rejection of some non- 
frost-susceptible soils. 


Surcharge 


Surcharge in connection with frost 
action is the load which must be lifted by 
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freezing ice lenses. An increase in the sur- 
charge decreases the rate of heave. Linell 
and Kaplar (7, /4) report that, for the 
silts and granular soils tested with the 
Corps of Engineers method, the rate of 
heave for a soil with a 6 p.s.i. surcharge 
is only 10 percent of the rate of heave for 
the same soil with a 0.5 p.s.i. surcharge. 
The surcharge is lifted when water mole- 
cules move between the frozen ice lens 
and the soil particles. An increase in the 
surcharge decreases the ability of the 
water molecules to replace those which 
have been frozen. 


Chemical properties 


Chemical properties are important 
when dealing with clay soils. Adsorbed 
water in the surface of a clay mineral 
freezes at a lower temperature than does 
free water in the pores. Winterkorn (/5) 
states that the zone of unfrozen water 
then acts as a channel through which 
water can move to the freezing areas. 
Grim (/6), working with montmorillonite 
clay, states that water penetrates the indi- 
vidual molecular layers. This water con- 
sists of molecules in a definite pattern 
—similar to ice—and is not mobile. In 
general, whether water can move within 
montmorillonitic clay is dependent on the 
type of adsorbed ions (/7, 78). Calcium, 
magnesium, and hydrogen adsorbed ions 
permit a higher degree of water mobility 
than do sodium ions. Kaolinitic clays con- 
sist of particles that are considerably 
larger than those of montmorillonitic 
clays. The smaller specific surface area 
of kaolinitic clays is responsible for a re- 
duction of the adsorptive force and an 
increase in the mobility of the water. 

The mineral composition of sands and 
gravels will affect their specific heat, 
thermal conductivity, and density (/8). 
The mobility of water in sands and gravels 
is also affected by the presence of ions, 
but is primarily a function of gradation. 


Dissolved salts 


The addition of either sodium chloride 
or calcium chloride to a soil may reduce 
heaving (/9, 20). Salts may be present 
in soil either from application during con- 
struction, or from infiltration as a result 
of salting the roads during the winter. 
Beskow (6) states that very weak con- 
centrations of salt tend to increase the 
heave potential by making the layers of 
adsorbed water on the soil particles 


thicker, increasing the supply of water to 
the ice lens. Generally, however, a reduc- 
tion in heave is believed to result from 
increases in salt concentration in a soil. 

On the basis of evidence to date, it is 
impossible to predict quantitatively the 
effect of dissolved salts on frost heave. 
The performance of the salt concentration 
is dependent on the texture of the soil, 
its permeability, presence of an imperv- 
ious cover, and the incidence of moisture. 
During leaching the salt concentration is 
reduced faster for coarse-grained soils 
than for fine-grained soils. 


Movement of Moisture Through 
Freezing Soils 


Although many theories have been ad- 
vanced to explain the movement of 
moisture through soils under freezing 
conditions, no general agreement exists. 
Four hypotheses suggested in the litera- 
ture are (1) capillary flow, (2) suction 
force, (3) thermodynamic theory and (4) 
vapor transfer. 


Capillary flow theory 


The phenomenon of capillary flow of 
moisture in soils is well documented (6, 
II, 21, 22). As was described earlier, 
capillary tension acting at the interface 
between water and soil particles can pro- 
vide sufficient force to lift water a sub- 
stantial height above the free water table. 
Beskow (6) attributes the flow of water 
toward a zone of freezing in a soil to this 
force of capillarity. 


Suction force theory 


A soil particle is surrounded by a layer 
of adsorbed moisture held there by a 
comparatively large adsorptive (cohesive) 
force. When an ice crystal forms, water 
molecules from the adsorbed moisture 
film adhere to the crystal and freeze. 
Because the film of water on the soil 
particle is stressed by the adsorptive 
forces, the water molecules that have 
moved to the ice crystal are replaced from 
the moisture film surrounding adjacent 
soil particles. This process is continuous 
and results in a flow of moisture—in the 
liquid phase—to the ice crystal (22). 


Thermodynamic theory 


Soil has been found to be plastic at 
temperatures below 0° C (23). This phe- 
nomenon has led to the theory that a layer 
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of water separates the ice from the soil 
(24). The ice front moves through the 
pores of the soil at some radius of 
curvature of the ice-water interface at a 
temperature below the natural freezing 
temperature of the water. This tempera- 
ture depression, called supercooling, is 
inversely related to the radius of curva- 
ture. The radius of curvature, however, 
is dependent on the size of the soil pores. 
A soil with small pores has small radii 
of curvature and, therefore, requires a 
greater temperature depression to move 
the ice front through the pores (23, 25). 

Chalmers et al. (23) state that the 
energy released as a result of the temper- 
ature depression “must do work to lift 
the surcharge and to pull water up from 
the ground water table.” 


Vapor transfer of moisture 


Moist soils are never completely satu- 
rated but the air they contain is almost 
always completely saturated with moisture 
vapor. When a thermal gradient is im- 
posed on a moist soil, the vapor pressure 
will decrease in the direction of decreas- 
ing temperature and moisture flow in 
vapor form will result. In his experiments, 
Jumikis (26) found the amount of water 
diffused in 1 day, through an area of 1 
cm?, at a temperature of 0° C and a tem- 
perature differential of 2° C over the air 
space, to be 0.0138 gram. He concluded 
that water transmission in vapor form is 
insignificant. However, Zoller (27) has 
reported the buildup of 12-inch-thick ice 
lenses in the parging between granite fac- 
ing on buildings and porous concrete 
block backing which generated sufficient 
force to rupture the wire ties and threaten 
to dislodge entire blocks of granite. These 
ice lenses were attributed solely to mois- 
ture transmission in vapor form. 


Frost Penetration 


Rate and depth of frost penetration in 
a soil are governed by the thermal con- 
ductivity, specific heat, and latent heat of 
fusion of the soil mass, as well as the 
freezing index to which the soil has been 
subjected. The study of thermal character- 
istics of soils is difficult because it involves 
the solid, liquid, and gaseous states. The 
difficulty of the problem is increased with 
the formation of ice, which changes the 
thermal properties of the material. 

The rate of frost penetration increases 
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for soils which have high coefficients of 
thermal conductivity. The addition of 
water to the soil in turn increases the 
conductivity by establishing better thermal 
contacts between the soil grains. Shannon 
and Wells (28) found that thermal con- 
ductivity was dependent primarily on the 
moisture content and whether the soil was 
frozen. At high moisture content, frozen 
soil has a 50 percent higher thermal 
conductivity than unfrozen soil. Beskow 
(6) states that the thermal conductivity 
of ice is three or four times greater than 
that of water. 


Rate of penetration vs. rate of heave 


Beskow (6), in laboratory tests, used 
rates of frost penetration ranging from 8 
to 24 cm per day. This is about 10 times 
the naturally occurring rate. The rate of 
heave of relatively permeable soils has 
been found to be reasonably independent 
of the rate of frost penetration at freezing 
rates in the order of 9 inches per day 
(6, 23). If the rate of frost penetration is 
slow, thick lenses will form, since more 
water has time to move to each lens. If 
the rate of penetration is increased, there 
is less time for water to move to a lens 
and thinner lenses are formed. However, 
the rate of water flow, and thus the heave 
rate, still remain fairly constant. If the 
rate of frost penetration is too rapid, the 
soil is frozen before water has time to 
move and form lenses, and the soil freezes 
homogeneously (6, /2). 

If one imagines an approach to the 
limiting case of instantaneous freezing of 
a soil mass, the resulting heave—at a 
heave rate approaching infinity—would 
result entirely from freezing in situ water 
as no time would be available for mois- 
ture migration. Since detrimental frost 
heaving is a function of water drawn in 
from outside the freezing soil mass, a 
correction for freezing in situ water sub- 
tracted from the measured heave rate 
would result in rate of heave which was 
attributable solely to the freezing of mois- 
ture drawn in from outside. Such a cor- 
rection was proposed by Kaplar (7, 10) 
and Biddiscombe (29). Reduced to equa- 
tion form the correction, 6,, in mm per 
day is: 

G Ye 
On 20.023 05RS. (seen 2()) 
yy, 
where: P = Rate of penetration of freez- 
ing surface in inches per 
day 


S = Degree of saturation in per- 
cent 

G = Specific gravity of soil par- 
ticles 

Yw = Unit weight of water 

Y, = Unit weight of dry soil 


For granular soils studied by this proj- 
ect, which were drained prior to testing 
and therefore only partially saturated, no 
correction for freezing of in situ water 
was applied. For comparison of fine- 
grained saturated soils with high void 
ratios, however, such a correction may be 
very helpful in accounting for differences 
in the rate of frost penetration during 
testing. 


Total heave 


The total amount of heave experienced 
will depend on the rate of heave and the 
length of time during which heaving oc- 
curs. The maximum depth of penetration 
has been reached when the rate of heat 
extraction is not sufficient to continue 
movement of the ice front through the 
soil pores. Therefore, if the rate of frost 
penetration down to a given depth is fast, 
the total amount of heave will be less 
than that produced by a slow rate of frost 
penetration to the same depth. Otis (30) 
states that some cold winters in New 
Hampshire have caused less heaving than 
mild ones. This could be due not only to 
less freezing and thawing taking place, 
but also to the faster rate of frost pene- 
tration and to surcharge effects. 


Depth of Penetration 


Several factors govern the depth to 
which frost will penetrate during a given 
winter. Internal factors include properties 
such as specific heat, thermal conductivity, 
water content, density, soluble salts, and 
surficial conditions such as evaporation of 
water, type and thickness of ground cover, 
and soil color. External factors are air 
temperature, incident solar radiation, 
wind, barometric pressure, snow cover, 
and precipitation (/8). 

New Hampshire has a range of freezing 
index values—cumulative degree days be- 
low 32° F—that varies from a mean of 
300 near the coast to over 2,000 near the 
Canadian border (9). Average depths of 
frost penetration vary from 30 inches near 
the coast to 47 inches near the Canadian 
border (/8). Extreme frost conditions 
may produce penetration depths of 60 to 
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75 inches (/8). Sanger (3/7) has devel- 
oped charts which correlate freezing 
index, surface conditions, soil, and frost 
penetration. For bare ground or pave- 
ment with no snow cover, the depth of 
penetration varied from 10 to 30 inches 
for a freezing index of 300 and from 41 
to 82 inches for a freezing index of 2,000, 
depending on the type of soil. 


Corps of Engineers Freeze Test 


In brief, the Corps of Engineers stand- 
ard freeze test as described by Kaplar 
(J0, 32) is an exacting test in terms of 
equipment, time, and technical talent. Soil 
specimens are placed in 6-inch-diameter 
tapered molds and frozen from the top 
in freezing cabinets placed in a 40° F 
room at the rate of approximately 42 inch 
per day. Time requirements for sample 
preparation and testing approach 6 weeks. 


UNH Rapid Freeze Test 


A primary objective of the UNH re- 
search project was the development of 
inexpensive freeze testing equipment and 
techniques which could be applied in a 
limited space in a conventional soils lab- 
oratory. A block of rigid foamed plastic 
was used to insulate the specimen from 
normal room temperatures and Peltier 
thermoelectric batteries were installed as 
freezing units. This relatively compact 
and inexpensive equipment eliminated the 
need for extensive cold room facilities 
and freezing cabinets. A reduction in the 
time duration per test was also desirable. 
The testing time was reduced by using an 
increased rate of freezing. By introducing 
a segmented specimen mold consisting of 
lucite rings, which resulted in relatively 
stable heave rates throughout the test, 
the testing time was reduced further. This 
meant that for a heave test involving a 
constant rate of frost penetration, no addi- 
tional information could be obtained by 
freezing a specimen beyond the first few 
inches. Thus the testing time was halved 
again by freezing only 3 inches of the 
specimen instead of 6. 

The air-cooled Peltier thermoelectric 
batteries specified by Biddiscombe (29) 
have a heat pumping capacity of approxi- 
mately 300 BTU/hour when operating at 
maximum allowable input power of 4.5 
amps and 12 volts d.c. The operating 
characteristics of these units are such that 
the actual heat pumped is a function of 
the temperature difference between the 
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Figure 1.—Liquid-cooled equipment. 


hot and cold plates as well as input cur- 
rent. When the temperature of the cold 
plate is O° C (32° F) and the ambient or 
Hotplate: temperature is 25° C (77> FB), 
the maximum heat pumping capacity of 
the battery is about 68 BTU per hour. 
The cold plate is a circular aluminum 
disc, 5% inches in diameter. A 2-inch 
separation between hot and cold junctions 
is filled with rigid foamed plastic insula- 
tion. The hot plate is equipped with 
aluminum fins and a high-speed fan for 
rapid dissipation of heat. 

Dependence of the air-cooled Peltier 
batteries on a relatively constant room 
temperature for constant output renders 
these units somewhat unreliable during 
periods of variable ambient temperature, 
Accordingly, a liquid-cooled Peltier bat- 
tery was utilized for the rapid freeze test. 
In this battery an ethyl-glycol coolant is 
circulated through the “hot” side of the 
battery at a temperature which may be 
held constant at any value or controlled 
as a secondary means of regulating the 
rate of heat withdrawal from the soil 
samples. Liquid-cooled Peltier batteries 
have been most reliable and effective as a 
“heat sink” in the rapid freeze test. Ap- 
paratus is shown in figure 1. 

Reasonably satisfactory results have 
also been obtained in the test with the 
circulation of a refrigerant, cthyl-glycol, 
in the cooling head itself, without using 
a Peltier battery. In general, a more rapid 
response and better control have been 
achieved with the liquid-cooled battery. 


The specimen mold consists of seven 
lucite rings with a 5.46-inch internal di- 
ameter and a wall 0.25-inch thick. Five of 
the rings are 1.00 inch high and the 
remaining two are 0.50 inch high. The 
seven rings are stacked with one of the 
half-inch rings at the top and the other 
at the bottom. The top three 1-inch rings 
have holes drilled in the center for the 
insertion of thermocouples. Because the 
soil is compacted directly into the lucite, 
the multiring mold is placed inside a 
standard CBR mold for stability and sup- 
port during compaction. The soil is then 
compacted in layers with a Marshall ham- 
mer to achieve the desired uniform density 
throughout the specimen. The sample is 
removed from the CBR mold, and 
thermocouples are inserted in the edge of 
the specimen at 1-inch intervals, from 
the top of the sample to a depth of 3 
inches. The specimen is then ready to be 
placed in the freezing apparatus. 

The freezing container is a 16 by 16 
by 14 inch block, built from a solid block 
or sheets of rigid foamed polystyrene in- 
sulation. A 6'%4-inch-diameter hole is cut 
in the center of the block to a depth of 
7% inches and lined with a waxed card- 
board cylinder mold which has been cut 
to a height of 7% inches. A constant- 
head water supply is attached to the 
bottom of the cylinder. A 514-inch-diam- 
eter, ¥2-inch-thick porous stone is sup- 
ported 1 inch from the bottom of the 
cylinder. The specimen, with ring mold 
intact, is placed on the porous stone. 
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Figure 2—UNH rapid freeze test equipment setup. 


Filter paper is used to keep fine particles 
from infiltrating into the porous plate. 
The Peltier battery is placed atop the soil 
system with the cold plate in contact with 
a second filter paper on the top of the soil. 

The thermocouple leads are connected, 
through a switch, to a millivolt potentio- 
meter and another thermocouple which 
is immersed in an ice bath. The differen- 
tial voltages set up between the ice bath 
thermocouple and the specimen thermo- 
couples can be measured with the po- 
tentiometer and converted to differential 
temperatures. Temperature observations 
can thereby be made and the location of 
thei, 32° KE asotherm can be determined 
by linear interpolation. A dial gage is 
mounted above the battery to permit the 
heave of the sample to be observed. The 
weight of the Peltier battery and con- 
necting hoses approximates the 0.5 p.s.i. 
surcharge of the Corps of Engineers test. 
A schematic cross section of the freezing 
chamber is shown in figure 2. 

After a specimen is prepared and 
placed in the freezing apparatus, it is 
saturated from the bottom by raising the 
level of the water table to the level of the 
top of the soil specimen where it is held 
constant for 16 hours. Current is applied 
to the Peltier battery during this period 
to cool the sample. In order to cool the 
sample and not allow freezing to occur, 
the input current is adjusted so that the 
heat pumped by the battery will be zero 
when the difference in temperature be- 
tween the hot and cold plates equals the 
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difference between ambient temperature 
or coolant temperature and the freezing 
temperature of water. 

At the end of the 16-hour cooling pe- 
riod, the water table is lowered to 12 inch 
above the bottom of the specimen and 
the input current to the battery is in- 
creased to begin freezing the specimen. 
The input current applied to the battery 
is dependent upon the difference in tem- 
perature between the hot and cold plates 
and the desired amount of heat to be 
pumped. During a series of freezing tests 
in which the testing procedure was being 
established, it was found that for a tem- 
perature of 32° F at the top of the speci- 
men, a heat pumping capacity of approxi- 
mately 65 BTU per hour produced freez- 
ing rates generally between 3 and 7 inches 
per day. The temperature at the top of 
most of the tested soil specimens stabilized 
at approximately —4° C (25° F) during 
testing. At this cold-plate temperature, 
the heat pumping capacity required is 
approximately 34 BTU per hour. Calcu- 
lations indicate that a maximum of about 
5 to 6 BTU per hour may be leaking 
through the sides and bottom of the in- 
sulating container. 

The input current is adjusted as nec- 
essary during the test to offset significant 
changes in the ambient temperature which 
would otherwise change the heat pumping 
rate or to compensate for variations in 
the soil undergoing test. Heave and ther- 
mocouple readings are taken hourly until 
the 32° F isotherm has reached a depth 
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Figure 3—Typical heave and penetration curves. 


of 3 inches. Typical heave and penetra- 
tion curves are shown in figure 3. It is 
sometimes necessary to disregard the 
heave rate in the first hour or two of 
freezing because it is frequently different 
during the remainder of the test. 

To keep the rings in alinement during 
the compaction process they are usually 
taped together with masking tape in three 
lines at 120°. On several occasions the 
tape was inadvertently left in place dur- 
ing the freezing cycle with the result that 
almost no heaving of the sample occurred 
even when the soil was a high heaving ma- 
terial such as New Hampshire silt. This 
illustrates the effectiveness of the ring 
mold concept in reducing wall friction and 
the sensitivity of the soil to relatively mi- 
nor surcharge effects. 


Frost Susceptibility Classification 


The original measure of frost heave po- 
tential proposed by Casagrande, and re- 
ported by Kaplar (/0), was based on a 
constant rate of frost penetration test with 
rates of freezing between % and 34 inch 
per day. This scale has been adopted as 
a standard by the Corps of Engineers 
(table 1) and was used as a reference in 
the initial studies at UNH (29, 33). 

As the UNH freeze test utilized 
stacked-ring molds and a rapid rate of 
cooling, the heave rates measured for 
granular materials in the UNH test tended 
to be much higher than the rates measured 
in the Corps of Engineers test. Only a few 


September 1973 @ PUBLIC ROADS 
































Table 1.—Frost susceptibility classes by Corps of Engineers and UNH 








UNH freeze test— 
average rate 
of heave 


Corps of Engineers 
freeze test— 
average rate of heave 


Frost 
susceptibility 
classification 





mm./day mm./day 


Negligible 0-0.5 Deny 
Very low 0.5—1.0 6.5— 8.0 
Low 1.0-2.0 8.0-10.3 
Medium 2.0—4.0 10.3-13.0 
High 4.0-8.0 13.0-15.0 
Very high >8.0 >15.0 





materials were subjected by Leary (33) 
to both the Corps of Engineers and UNH 
freezing test procedures. The curve of 
figure 4 plotting these duplicate tests 
indicates consistently greater heave rates 
with the UNH equipment. Based on this 
curve a modified frost susceptibility classi- 
fication was adopted for the rapid UNH 
test, which reflects the greater heave rates 
experienced as shown in table 1. The 
modified scale is plotted on the vertical 
axis of figure 4. 

Table 2 summarizes the results of the 
UNH rapid freeze test for several typical 
materials used in the project. The West 






VERY HIGH 











uw 
jou 
eLs 
(ep) 
aS 
3 Sy eS 
os 7 
Q 
ae Nh aS 
=y $s 
= 
aS w 
Ww Oo} 4a 
ly 
a t 
Ww 
ae 
ones \W 
ap E 
& 
= 
— 
(op) 
oc iw 
aa 
ae 
—- © 
<a) 
> w 
Ze 


O Yo | 2 4 


RATE OF HEAVE MM/DAY 


NEG] ;V.LOW 
CORPS OF ' Y 





Lebanon and Whitcomb materials failed 
to pass the New Hampshire gradation 
limitation for material passing the No. 
200 sieve; however, both exhibited a 
negligible heave rate in the rapid freeze 
test. The Hudson and Thornburn pit 
materials also failed the New Hampshire 
gradation requirements, while the Pa- 
quette pit materials passed. 


State of compaction 


The results from a test series varying 
the percent compaction indicated that 
there is approximately a linear relation- 
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ship between heave rate and percent 
compaction. In addition, the extrapolated 
zero percent Compaction intercept is ap- 
proximately the same heave rate value 
for all materials tested. Thus the calcu- 
lated heave rate at a given percent com- 
paction for any material is a simple func- 


tion of its heave rate at any other 
compaction as expressed by the equation: 
HR = S (PC) — 15.40 


where: 
HR = Heave Rate 
PC = Percent Compaction 
S = Slope of Percent Compaction 
— Heave Rate Line 


Figure 5 is the working expression of 
this relationship. From this chart the 
proposed UNH frost susceptibility scale 
can be extended to any desired percent 
compaction. In New Hampshire, the per- 
cent compaction is normally based on 
the maximum dry density obtained in 
AASHO method T 99. As noted previ- 
ously, soil materials are compacted in 
molds for the UNH rapid freeze test in 
layers using a Marshall hammer to 
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Figure 5.—Frost heave classification as 


Figure 4.—Frost susceptibility classification. 
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affected by density. 
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achieve the desired density. If a field 
density of 95 to 100 percent is antici- 
pated or specified for a material, the first 
cylinder would be compacted in 3 layers 
with 54 blows per layer and its computed 
density compared with the desired den- 
sity. Modifications in the number of layers 
and blows would then be tried to obtain 
the desired density. 


Material Modification and Additives 


It has been shown (29 and 33 through 
39) that the frost heaving characteristics 
of a soil may be altered by gradation 
modification and that, in general, in- 
creasing the amount of coarse aggregate 
or decreasing the amount of fine-grained 
material will produce a material which is 
less subject to frost heaving. It’ is rec- 
ommended that, in materials where modi- 
fication by such methods is being con- 
sidered, specific modified samples be 
tested rather than attempting to establish 
modification guidelines for which many 
exceptions would be required. 

The effect on frost heave of portland 
cement and asphaltic emulsion added to 
granular base materials was evaluated in 
this project. Nearly always the additives 
were effective in reducing the frost heave 
potential. Portland cement, however, 
generally had a pronounced effect on 
heave rate, while the effect of asphaltic 


emulsion in some materials was minimal 
(BEng9)2 


Field Investigation of Frost Heaving 


The initial field investigation procedure 
adopted in 1965 involved the selection 
and extensive instrumentation of a few 
field sites to monitor depth of frost pene- 
tration and resulting heave throughout 
the freezing period. Sites selected were 
on a secondary road in Farmington, 
N.H., and two sites on the Durham by- 
pass, Route 4, which were built to rela- 
tively frost-free standards. After several 
years of monitoring the results from these 
stations, it became apparent that each 
year was a rerun of the previous year 
and that no significant data would be 
forthcoming from the annual accumula- 
tion of test information from these sites. 

Measurements taken over several win- 
ters have shown that measurable heaving 
occurs on even the highest type of pave- 
ment sections. For example, in 1969 
the two test sections in Durham on Route 
4 heaved 0.12 inch and 0.14 inch, re- 
spectively, while at the Farmington site 
—in conditions more conducive to maxi- 
mum heave—the heave was 1.6 inches 
in 1967, 1.7 inches in 1968, and 1.62 
inches in 1969. 

In 1969, a section of Interstate 95 in 
Seabrook, N.H., on an approach to a 


Table 2,—Material properties and freeze test results 


rest area, was selected for surveillance. 
A network of points was laid out with 
9 points at 50-foot intervals. It was 
noted that the heaves were, in general, 
less than 4% inch; however, at one point 
a maximum heave of nearly an inch was 
recorded. Heaving of these higher types 
of pavements is generally not objection- 
able because it is of relatively small mag- 
nitude; it is uniform; and it does not 
appear to weaken the surface appreciably 
when thaw occurs. 

To validate the UNH rapid freeze test 
it will be necessary to sample field loca- 
tions where significant heaves have been 
recorded and compare the results of the 
freeze test on such samples with the 
severity of heaves experienced in the 
field. Unfortunately, the funds available 
in the past were not sufficient to permit 
such a field testing program. In addi- 
tion, the New Hampshire Department of 
Public Works has been understandably 
reluctant to authorize a sampling pro- 
gram which would require cutting into 
the pavement and base structure on pri- 
mary and secondary highways. 


Factors Influencing Magnitude of 
Frost Heaving 


Experience has shown that maximum 
heaving occurs when the subgrade is a 
silt soil with the water table well within 




















, : ‘ ; Molded Dry Percent of 
Liquid Plastic _ Soil classification Sample —_—s moisture unit maximum Heave UNH frost 
Material limit limit Unified’ AASHO* No. content weight density rate susceptibility 
percent DEG a mm/day 
W. Lebanon eee sn Nonplastic GM A-1 1 4.51 135.46 93.42 1.04 Negligible | 
2 523} 131.38 90.61 0.96 Do. | 
3 4.54 143.68 99.09 0.99 Do. i 
4 4.47 129.37 89:22 0.81 Do. : 
5) 3.87 138.99 95.86 1.28 Do. 
W/DTtCCOM DEG U aT Gy gee me te ee dope SM A-1 1 5:95 140.02 94.74 2.43 Negligible 
2 3550 143.60 97.16 4.38 Do. 
Bank run _ gravel, 1633 eee dOneres SM-SP A-1 1 5.41 132.20 98.88 10.74 Medium 
Hudson Sand & 2 6.13 132.40 98.95 8.24 Low 
Gravel Peeeer eer 3 (GLa 130.21 OFF32) 8.64 Low 
4 6.00 130.21 97.32 10.11 Medium 
Gravel, Paquette pit 2.) See downers SP A-1 1 7.81 IAN QS 88.76 4.59 Very low 
(CRitisbuTS)) meee D 7.66 PABA 90.17 4.95 Do. 
Gravel, Paquette pit 1k] Se Omen SP A-1 1 8.20 126.06 93.38 Deol Very low 
(Clarksville). ............ ip) 8.55 124.87 92.50 Sil Do. 
New Hampshire silt 243) Seinen: dover ML A-4 1 15.88 104.06 96.26 20.20 Very high 
2 15.73 103.31 95257) 31.00 Do. 
3 17.63 102.03 94.38 42.00 Do. 
4 bey) 102.53 94.85 44.00 Do. 
Thornburn pit, Hav- 2573 See domme SP-SM A-3 1 19.30 100.50 96.03 24.40 Very high 
erbill Beene nn 2 21.20 98.70 94.29 16.20 Do. 





1 Based on information in the Unified Classification System, Technical Memorandum No, 3-357, vols. 1, 2, and 3, Waterways Experiment Station, U.S. Corps of Engi- 
neers, 1953. 

2 Based on Standard Specifications for Highways, Materials and Methods of Sampling and Testing (Part 1, 10th ed.), the Classification of Soils and Soil Aggregate 
Mixtures for Highway Construction Purposes, AASHO Designation: M 145-66. 
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the zone of capillary rise. As soils be- 
come more granular, the height of the 
capillary rise decreases and the ability 
of a soil to expand against a fixed over- 
burden pressure decreases. <As_ soils 
range into the clay sizes, their potential 
for heaving tends to increase as well as 
the lifting pressures they are capable of 
developing. Actual field heaving, how- 
ever, decreases since the permeability is 
reduced for such soils. In general, clay 
and silt soils are not suitable for use 
in pavement systems since their bearing 
capacities are inadequate to support 
wheel loads, particularly under thaw con- 
ditions. 

The total heave which may potentially 
occur at a given point on a highway is 
usually considered to be a function of 
depth to water table, as well as soil 
characteristics mentioned earlier. If it 
is assumed that the maximum elevation 
of the free water table occurs at the 
original ground level in fill sections, then 
it is reasonable to suppose that the total 
recorded heave should decrease as the 
depth of fill increases because of in- 
creased overburdened pressures and a re- 
duced period of freezing zone—capillary 
zone contact. If many points were to 
be surveyed, it was anticipated that a plot 
of heave versus fill depth should have an 
envelope curve which would define the 
limiting conditions for detrimental frost 
heaving. Points on or near the envelope 
identify those field locations where soil 
characteristics and water table elevation 
are most conducive to frost action. 

Numerous points on local primary and 
secondary highways were observed over 
a period of three winters. Observations 
included total heave, variations from a 
10-foot straight edge as a measure of 
detrimental heave, and calculated cut or 
fill at the point. Results are plotted on 
figure 6. It will be noted that maximum 
heave tends to decrease with increasing 
depth of fill although significant heaves 
were recorded even on fills as high as 
Darcey 

Furthermore, as the depth of fill in- 
creased the detrimental frost heave de- 
creased. Severely detrimental frost heay- 
ing was limited to those areas which were 
in a cross section of nearly zero fill or 
in cut sections. The author believes that 
the detrimental heaves resulted primarily 
from nonuniformity in the subgrade, 
either from poor drainage or the pres- 
ence of boulders or pockets of nonheav- 
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Figure 6.—Measured frost heave vs. depth of fill. 


ing material near the surface. The author 
believes also that the actual value of 
maximum heave is relatively unimpor- 
tant as long as the riding quality is not 
adversely affected. In other words, fairly 
large heaves are permissible as long as 
maximum variations from a plane sur- 
face are held to those of normal paving 
tolerance. In the deeper fill sections 
heaving is probably due to the migration 
and freezing of moisture within the wet 
soil mass below the impervious pavement 
layer and is not dependent upon a free 
water table within the capillary zone. 


Summary 


It is hoped that the UNH rapid freeze 
test will be applied experimentally by 
many States as a means of differentiating 
between frost-susceptible and nonfrost- 
susceptible soils for use in subbase and 
base course construction. As reported, 
many New Hampshire base course ma- 
terials were tested during the project life. 
No instances have been reported to the 
author in which materials classified as 
low or nonfrost-susceptible by the UNH 
rapid freeze test have subsequently pro- 
duced detrimental heaves in the field. 
Such correlations of laboratory testing 
with field experience must be carried out 
on a broad scale under a complete spec- 
trum of field conditions before the rapid 
freeze test and its associated use classi- 
fication can be regarded as a completely 


reliable indicator of probable field per- 
formance. In the meantime, it is offered 
as an experimental tool of potential value 
to fill a current need in many areas of 
the United States. 
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The information presented in Highway Transportation Research and De- 
velopment Studies 1972 represents a complete inventory of the research 
and development studies approved, in progress, or completed during fis- 
cal year 1972. The report contains individual vignettes for all research 
and development studies that are supported and aided by the Federal 
Highway Administration’s Offices of Research and Development, Bureau 
of Motor Carrier Safety, and selected planning research studies from the 


Offices of Planning. 


This publication is intended primarily for the information and guidance 
of Federal and State personnel concerned with highway-related research, 
particularly those in the Federal Highway Administration (FHWA) and 
other agencies within the U.S. Department of Transportation (DOT), 
and those in State highway departments or departments of transporta- 
tion. It will be useful also to other Federal and local government per- 
sonnel, to highway-oriented and vehicle-oriented trade, professional, and 
research organizations, and to members of the general public interested 
in or concerned with research in highway transportation. 


A new easier-to-read format has been used for this issuance of the an- 
nual series. In addition, the publication has been organized in accord- 
ance with FHWA’s recently introduced Federally Coordinated Program 
of Research and Development in Highway Transportation (FCP). 
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The principal tool for implementing research and development is the imple- 
mentation/user package which provides “‘how-to-do-ift’’ information to the 
potential user. The package converts research findings into practical fools. The 
packaging requirement is accomplished between the identification and promotion 
stages of implementation. 

The following items are brief descriptions of selected packages which are 
actively being developed, or have been recently completed, by State and Federal 
highway units in cooperation with the Implementation Division, Offices of Re- 
search and Development, Federal Highway Administration (FHWA). All completed 
packages will be placed in the National Technical Information Service (NTIS), 5285 
Port Royal Road, Springfield, Va. 22151. 


Packages Completed 


by FHWA Implementation Division 


Rubber—Asphalt Binder for 


Seal Coat Construction 


The package presents background information, construction 
details and suggested specifications for rubber-asphalt seal 
coat construction which has been successfully applied in Ari- 
zona to inhibit the formation and propagation of cracks that 
generally render seal coats ineffective. The powdered rubber 
used in the binder is reclaimed from discarded automobile a ere 
tires which have become a major waste disposal problem. : 
The package is in a form that can serve as a user manual 
for construction engineers. Distribution has been made to 
States and FHWA field offices. (NTIS PB 219012). 
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Managing Highway Maintenance 
Training Guide and Catalog 


Research has shown that the efficiency and effectiveness of 
highway maintenance operations can be significantly im- 
proved by applying modern management principles. In recog- 
nition of the need to train field engineers, superintendents 
and foremen who manage highway maintenance, a compre- 
hensive management training curriculum has been developed 
and is now completed. Requests for the Training Guide and 
Catalog and sets of the curriculum should be sent to the Na- 
tional Highway Institute, Federal Highway Administration, 
Washington, D.C. 20590. 


Slotted Corrugated Metal Pipe 
for Surface Water Drainage 


The package illustrates design details and construction in- 
stallation techniques for slotted corrugated metal pipe drains 
which have been developed and refined over a period of 
years by the California Division of Highways. The concept 
has proven effective in the areas of safety, economy, hy- 
draulic efficiency, maintenance, and esthetics. Distribution 
has been made to the States and FHWA field offices. 


Use of Liquid Calcium Chloride to Improve 
Deicing and Snow Removal Operations 


The package outlines the method developed by the Iowa 
State Highway Commission for prewetting rock salt with a 
solution of calcium chloride to speed up and increase the 
effectiveness of pavement deicing operations. Using a liquid 
chloride applicator kit installed on existing salt spreading 
trucks has reduced cost of salting, produced effective melting 
action at temperatures below 20° F, reduced roadside pollu- 
tion potential due to salt, and reduced overtime labor costs. 
The package includes current State practice, a description of 
the applicator kit, specifications and operating guidelines. Dis- 
tribution has been made to the States, counties, and FHWA 
field offices. 


PUBLIC ROADS @ Vol. 37, No. 6 





fi 
k 








n 


"Nf iy) Manne 


DHE Mawar 
eeu iH 


AY ADMIN} 
arch an 





STRA TION 
“ Development 


one 
Sse f Lj 3 
Calc; IQuid 
to num Chloride 
no Icing 
Operation. OV! 


YS. SPAR TMEyy 
DERAL HigHy, 
OFFICES OF nese, 
MPLEMEX TAT oy D 


APRIL | 
132 $73 


OF TRANSPORT, TON 
ncn sta TION 
© GEVEL op, 
VISION me 











223 


Packages in Preparation 


Project Management System Utilizing 
the Critical Path Method 


by FHWA Implementation Division 


An extremely useful computer program for scheduling emer- 
gency relief projects that must be put into service in a mini- 
mum time is being finalized for implementation. The system 
was successfully used in Pennsylvania in scheduling con- 
struction to replace a bridge destroyed by hurricane Agnes. 
The refined user manual for the system will combine methods 
of networking, critical path computations, and project man- 
agement techniques. 


Open Graded Bituminous Mixtures 
for Pavements 


by FHWA Region 10, Portland, Oreg. 


For several years the U.S. Forest Service has successfully 
used open graded emulsified asphalt mixtures for pavement 
construction. These open graded mixes have been low in 
cost and have demonstrated good stability and internal 
drainage qualities. The package being developed will cite 
background and experience, construction features, cost data, 
and guide specifications. The Forest Service cold mix pro- 
cedure outlined in the report is relatively pollution free. 


Prestressed Concrete Panels for 
Highway Bridge Decking 


by Texas Highway Department 


The Texas Transportation Institute and the University of 
Texas have recently completed a joint research study to de- 
velop a composite segmental bridge deck comprised of 3%4- 
inch-thick prestressed concrete panels which are used as 
permanent forms for a subsequent topping of 3’ inches of 
cast-in-place concrete. The State has recently constructed two 
bridge decks utilizing this new concept. The current imple- 
mentation plan includes the preparation of a user-oriented 
manual for bridge designers in other States. FHWA Region 
6 personnel located in Fort Worth, Tex., will assist the 
Texas Highway Department in preparing this manual. 


Computerized Roadway 
Design System 


by Texas Highway Department 


The Roadway Design System (RDS) is an automation tool 
that assists the highway design engineer by greatly expanding 
productivity and flexibility in the design process. The pre- 
liminary system has been tested in FHWA and State high- 
way offices and work is underway to refine the system and 
make it more applicable on a widespread basis. The updated 
package will include system refinements, training materials, 
and documents for operating and maintaining the computer 
programs. 
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Slotted Underdrains for 
Pavement System Drainage 


by FHWA Region 8, Denver, Colo. 


A package being developed will describe the use of the 
slotted underdrain system which results in greater efficiency 
in the performance of drainage layers, filter layers, and 
drainage pipe. The package will include a comparison of 
current State designs, design procedures, and promotional 
visual aids. 


Concrete Delamination Detector for 
Inspecting Bridge Decks 


by FHWA Implementation Division 


A delamination detector has been developed which acousti- 
cally senses and records the location of voids and disbonded 
concrete—a major bridge deck deterioration problem. Com- 
mercial models of the devices will be available in the near 
future. The user package being developed includes operating 
and calibrating procedures, instructions on interpretation of 
data, and maintenance requirements for the device. Audio- 
visual materials will be included. 


Computerized Bridge 
Rating System 


by Wyoming Highway Department 


A system developed by the State of Wyoming for bridge de- 
sign has been modified to materially assist State highway de- 
partments in accomplishing the structural rating require- 
ments of the national bridge inspection standards. A series 
of workshops around the country have explained the system 
to highway personnel. A preliminary version is in use and 
trial experience will be used to evaluate and refine a complete 
implementation package. 


Texas Crash Cushions 


by FHWA Region 6, Fort Worth, Tex. 
and Texas Highway Department 


This implementation activity will be concerned with the ap- 
plication to practice of an adaptation of the Texas Crash 
Cushion. The Texas Crash Cushion, consisting of a number 
of 55-gallon steel drums, has been adapted to provide high- 
way maintenance vehicles with protection from rear-end 
collisions by errant vehicles. Wheels and a trailer hitch have 
been added to the Texas Crash Cushion so that it can be 
attached to a maintenance vehicle such as a dump truck to 
provide such needed protection to the truck and maintenance 
personnel. The implementation activity will include the de- 
velopment of a how-to-do-it manual on the process of design- 
ing the portable or mobile trailer system to protect slowly 
moving or stopped maintenance vehicles working on high- 
ways. The manual will also include the appropriate pro- 
cedure for attaching the protective system to the highway 
maintenance vehicle. The implementation package is being 
prepared by the Texas Transportation Institute, Texas A&M 
University, in cooperation with the Texas Highway Depart- 
ment and FHWA. 
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NEW RESEARCH IN PROGRESS 


The following items identify new research studies that have been reported by 
FHWA’s Offices of Research and Development. These studies are sponsored In 
whole or in part with Federal highway funds. For further details, please contact 
the following: Staff and Contract Research—Editor; Highway Planning and Re- 
search (HP&R Research)—Performing State Highway Department; National Cooper- 
ative Highway Research Program (NCHRP)—Program Director, National Coopera- 
tive Highway Research Program, Highway Research Board, 2101 Constitution Ave- 


nue, N.W., Washington, D.C. 20418. 


FCP Category 1—Improved Highway Design and 
Operation for Safety 


FCP Project 1B: 
and Interchanges. 


Remedial Driving Techniques for Freeways 


Title: Effectiveness of Traffic Safety Material in Influencing 
Driving Performance of the General Driving Population. (FCP 
No. 41B5012) 


Objective: (1) To develop new traffic safety materials, 
(2) to determine if such materials influence drivers by reduc- 
ing accidents and convictions, (3) to determine if effectiveness 
of materials is a function of age and/or sex of the driver. 


Performing Organization: 
mento, Calif. 95807 


Division of Highways, Sacra- 


Expected Completion Date: 
$71,000 (HP&R) 


April 1975 


Estimated Cost: 


FCP Project 1H: Skid Accident Reduction. 


Title: Measurement Systems Development, Validation, 
and Analysis of Road Roughness. (FCP No. 31H3112) 


Objective: seismic system 
and a passenger car conduct pavement profile and vehicle 
tests. Develop roadway roughness criteria and an analytic 
pavement profile for simulation studies. 


Instrument a multiple-beam 


Performing Organization: Purdue Research Foundation, 


Lafayette, Ind. 47907 
Expected Completion Date: May 1975 


Estimated Cost: $68,000 (FHWA Administrative Contract) 
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Title: Development of Noncontact Profiling System. (FCP 
No. 31H3132) 


Objective: A method of profiling pavement surfaces that 


will operate at traffic speeds is required. 


Performing Organization: 
Ill. 60616 


IIT Research Institute, Chicago, 


Expected Completion Date: June 1974 


Estimated Cost: $96,000 (FHWA Administrative Contract) 


FCP Project 11: Traffic Lane Delineation Systems for Ade- 
quate Visibility and Durability. 


Title: Grooved Stripe for Plow-Resistant Wet-Night Lane 
Delineation. (FCP No. 3111083) 


Objective: To test and evaluate the effectiveness of 
grooved pavement stripes, as a supplement to ordinary strip- 
ing, which will be capable of providing adequate lane 
delineation at night under wet pavement conditions, and 
capable of withstanding the destructive action of steel-bladed 


snowplows. 


Performing Organization: New York Department of Trans- 


portation, Albany, N.Y. 12226 
Expected Completion Date: October 1975 


Estimated Cost: $99,000 (FHWA Administrative Contract) 


FCP Project IL: Improving Traffic Operations During Ad- 
verse Environmental Conditions. 


Title: Fixed Illumination for Pedestrian Protection. (FCP 


No. 3112042) 
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Objective: To develop an understanding of the critical 
parameters involved in pedestrian crossing behavior at night 
on city streets and how the design and installation of spe- 
cialized fixed source illumination may be employed to in- 
crease the pedestrian’s safety when crossing both illuminated 
and nonilluminated streets. 


Performing Organization: Franklin Institute Research Lab- 
oratory, Philadelphia, Pa. 19103 


Expected Completion Date: September 1975 


Estimated Cost: $290,000 (FHWA Administrative Contract) 


Title: Improved Warrants for Fixed Illumination on City 
Streets. (FCP No. 31L2082) 


Objective: To develop and refine definitive standards for 
design and installation of fixed-source illumination on city 
streets based on an understanding of the relationship be- 
tween the visibility level achieved and driver performance. 


Performing Organization: Franklin Institute Research Lab- 
oratory, Philadelphia, Pa. 19103 


Expected Completion Date: January 1975 


Estimated Cost: $153,000 (FHWA Administrative Contract) 


FCP Project 10: Aids to Surveillance and Control. 


Title: Analysis of Railroad Grade Crossing Accident and 
Inventory Data. (FCP No. 3101012) 


Objective: 
and inventory data; update data base and assist in analyzing 
data to develop accident prediction equations and accident 


To review and edit grade crossing accident 


severity prediction equation for train involved and non-train 
involved accidents at grade crossings. 


Performing Organization: National Bureau of Standards, 


Washington, D.C. 20590 


Expected Completion Date: June 1974 


Estimated Cost: $95,000 (FHWA Administrative Contract) 


FCP Category 2—Reduction of Traffic Conges- 
tion, and Improved Operational Efficiency 


FCP Project 2C: Requirements for Alternate Routing to 
Distribute Traffic Between and Around Cities—Single Diver- 
sion Point. 


Title: Highway Advisory Information Radio. (FCP No. 
32C€2253) 
Objective: To determine technical requirements, design, 


fabricate and field test an engineering model of an in- 
vehicular automatic radio receiver, associated roadside trans- 
mitter, and encoding electronics to provide audio signing 
messages to motorists. 
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Performing Organization: Atlantic Research Corporation, 


Alexandria, Va. 22314 


Expected Completion Date: July 1974 


Estimated Cost: $162,000 (FHWA Administrative Contract) 


FCP Category 3—Environmental Considerations 
in Highway Design, Location, Construction, and 
Operation 


FCP Project 3A: Engineering Economic Evaluation of Ve- 
hicle Use and Traffic Control. 


Title: Design and Analysis for Bus and Truck Road Sys- 
tems in Urban Areas and Restrictions on Truck Traffic. (FCP 
No. 33A2052) 


Objective: Detailed engineering economic evaluation of 
selected bus and truck oriented measures which will re- 
duce traffic congestion in urban areas. 


Performing Organization: Wilbur Smith and Associates, 


Columbia, $.C. 29202 
Expected Completion Date: February 1975 


Estimated Cost: $323,000 (FHWA Administrative Contract) 


FCP Project 3F: 
ment. 


Pollution Reduction and Visual Enhance- 


Title: Controlling Erosion Along Highways with Vegeta- 
tion and Other Protective Cover. (FCP No. 43F1542) 


Objective: To determine the effects of grading methods 
(cut and fill slopes) or soil/ water movements and speed of 
establishing permanent vegetation; to test species for more 
effective ‘‘off-season seedings’; to examine further new 


methods for establishing legumes and woody groundcover. 


Performing Organization: 
Blacksburg, Va. 24061 


Virginia Polytechnic Institute, 


Expected Completion Date: April 1976 


Estimated Cost: $105,000 (HP&R) 


Title: Causes and Control of Decline in Woody Plants 
along Roadsides. (FCP No. 43F2534) 


Objective: To identify and measure the causes for the 
decline of roadside plantings and to examine the effect of 
various practices as they relate to the deterioration of woody 
plants. 


Performing Organization: 
Ill. 61801 


University of Illinois, Urbana, 


March 1978 
$125,000 (HP&R) 


Expected Completion Date: 


Estimated Cost: 
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FCP Category 4—Improved Materials Utilization 
and Durability 

FCP Project 4D: Remedial Treatment of Soil Materials for 

Earth Structures and Foundations. 


Title: Determination of Strength Equivalency Factors for 
the Design of Lime-Stabilized Roadways. (FCP No. 44D3122) 


Objective: To develop an improved procedure for assign- 
ing appropriate gravel factors for design of lime-stabilized 
roadways and to verify the relationship between strengths 


after accelerated curing and long term field curing. 


Performing Organization: Division of Highways, Sacra- 


mento, Calif. 95807 


Expected Completion Date: June 1977 


Estimated Cost: $81,000 (HP&R) 
FCP Project 4F: Develop More Significant and Rapid Test 
Procedures for Quality Assurance. 


Title: Basic Variable in Consolidation Testing and Design. 
(FCP No. 44F1184) 


Objective: To improve the accuracy of predicting settle- 
ment behavior by comparing accuracies of different consoli- 
dation test methods, and to establish standards for testing 
and guidelines for interpreting test data. 


Performing Organization: Department of Transportation, 


Albany, N.Y. 12226 
Expected Completion Date: March 1977 


Estimated Cost: $396,000 (HP&R) 


FCP Category 5—Improved Design to Reduce 
Costs, Extend Life Expectancy, and Insure Struc- 
tural Safety 


FCP Project 5A: Improved Protection Against Natural Haz- 
ards of Earthquake and Wind. 


Title: Aerodynamic Investigation of Cable-Stayed Bridge 
Models. (FCP No. 25A1022) 


Objective: Determine flutter velocities of cable-stay 
bridges by means of wind tunnel test on scaled section mod- 
els subjected to both laminar flow and scaled turbulence 
conditions. 


Performing Organization: Federal Highway Administra- 


tion, Washington, D.C. 20590 


Expected Completion Date: June 1975 


Estimated Cost: $50,000 (FHWA Staff Research) 


FCP Project 5B: 
ways. 


Title: Determination of the In situ State of Stress in Soils. 
(FCP No. 35B2052) 


Tunneling Technology for Future High- 
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Objective: A the state-of-the-art for the 


determination of the state of stress in soils including the 


review of 


analysis of techniques for determining principal stress di- 
rections, the magnitude of normal and shear stresses on 
arbitrary planes, and the stress history of soils. The feasibility 
of the development of potential new ideas will be studied. 


Performing Organization: IIT Research Institute, Chicago, 


Ill. 60616 
Expected Completion Date: June 1974 


Estimated Cost: $89,000 (FHWA Administrative Contract) 


FCP Project 5D: 
tems. 


Structural Rehabilitation of Pavement Sys- 


Title: Evaluation of Serviceability of Flexible Pavements. 
(FCP No. 45D1083) 


Objective: 
overlay existing flexible pavements for long term economic 
benefits by using California’s current or a modified mainte- 


To establish criteria for determining when to 


nance rating system. 


Performing Organization: 
mento, Calif. 95807 


Division of Highways, Sacra- 


Expected Completion Date: April 1978 


Estimated..Cost: $92,000 (HP&R) 


FCP Project 5F: Bridge Safety Inspection. 


Title: Welding of Intermediate Strength Steels. (FCP No. 
45F2142) 
Objective: To evaluate welding processes and proce- 


dures and to determine the effect of welding situations on 
the possibility of inducing cracks. 


Performing Organization: Division of Highways, Sacra- 


mento, Calif. 95807 


Expected Completion Date: June 1976 


Estimated Cost: $50,000 (HP&R) 


Non-FCP Category 0—Other New Studies 


Title: Balanced Quality Assurance and Control. (Non— 
FCP 40F1184) 


Objective: To determine the respective levels of contrac- 
tor’s quality control and the highway department's quality 
assurance of highway materials. Develop and implement 
procedures that will effectively assure the quality of highway 


construction materials. 


Performing Organization: Division of Highways, Sacra- 


mento, Calif. 95807 


Expected Completion Date: June 1978 


Estimated Cost: $114,000 (HP&R) 


Highway Research and Development Reports 


Available From the National Technical 


Information Service 


Stock No. 
PB 215617 
PBeeZS35 
PB 218433 
PB 218821 
PB 218922 
PB 218988 
PBW219023 
PRE 058 
PB 219080 
PB 219108 
PB 219109 
PBee2 19120 
113} A) 
PBY 219199 
PBeeZ 19202 
PB ae 923i 
PBeeZ 19232 
PBee2 19238 
PB 219405 
PB 219796 
PER2Z19832 
PB 220021 
PB 220022 
PB 220043 
PB 220047 
PB 220054 
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The following highway research and development reports are for sale by the 
National Technical Information Service, Sills Building, 5285 Port Royal Road, Spring- 


field sas 22 lode 


Other highway research and development reports available from the National 
Technical Information Service will be announced in future issues. 


STRUCTURES 


Analysis of Foundation with Widely Spaced Batter 
Piles. 

Rigid Pavement Investigations—Growth Characteris- 
tics and Blowups and Performance of Transverse 
Joints and Joint Sealing Materials. Interim Report. 

Pavement Deflection Measurement—Dynamic Phase III, 
WSU Impulse Index Computer, Section I (Suitcase). 

Investigation of Slab Differential and Movement on 
J—83 Baltimore—Harrisburg Expressway. 

Effect of Broom Texture on Motorcycle Rideability. 

The Effect of Pavement Roughness on Safe Vehicle 
Handling Characteristics. 

Application of Slab Analysis Methods to Rigid Pave- 
ment Problems. 

Repeated Load Test Evaluation of Base Course Ma- 
terials. 

Performance of Transverse Joint Supports in Rigid 
Pavements. 

“K” Value Correlation Study. 

Flexible Pavement System Computer Program Docu- 
mentation. 

Pavement Deflection Measurement—Dynamic Phase 
III, Section II (Vehicle). 

Reflection Cracking of Bituminous Overlays on Rigid 
Pavement. 

In Service Behavior of Preformed Neoprene Joint 
Seals. 

An Empirical Equation for Calculating Deflections on 
the Surface of a Two-Layer Elastic System. 

A Discrete-Element Method of Analysis for Ortho- 
gonal Slab and Grid Bridge Floor Systems. 

Evaluation of Combination Insert and Sealant for 
Concrete Pavements. 

Cold Asphalt Concrete Overlay. 

Construction and Long-Term Behavior of ¥th Scale 
Prestressed Concrete Bridge Components. 

Investigation of Slab Differential and Movement on 
I-83, Baltimore—Harrisburg Expressway. 

Effect of Welding on Fatigue Life of High-Strength 
Reinforcing Steel Used on Continuously Reinforced 
Concrete Pavements. 

Satellite Tests on the Northeastern Expressway I-95 
(John F. Kennedy Memorial Highway). 

Vol. I—Appendices. 

Camber and Deflection Behavior of Prestressed Con- 
crete Beams Made with Hawaiian Aggregates. 

Slab Behavior of a Prestressed Concrete I-Beam 
Bridge—Lehighton Bridge. 

Prestressing the Negative Moment Region of Composite 
Beams. 


Stock No. 
PB 220065 
PB 220069 
PB 220088 
PB 220106 
PB 220112 

Stock No. 
PB 218390 
PB 218434 
PB 218462 
PB 218550 
PB 218662 
PB 218720 
PB 218843 
PB Oooo) 
PBaw2 19252 
PB 219406 
PB 219603 
PB 219604 
PB 219621 
PB 219624 
PB 219625 
PB 219626 
PBee219635 
PB 219831 
PB 220037 
PBae 22 O0R 
PB 220078 


Variables Affecting the Negative Moment Behavior 
of Composite Beams. 

Investigation of Traffic Induced Vibrations and Their 
Effects on the Concrete Decks of Highways. 

Pavement Roughness and Serviceability. 

Dynamic Tests of the California Type 15 Bridge Bar- 
rier Rail Series XXV. 

Comprehensive Settlement Study of the Interstate Fill 
Across the James River. 


MATERIALS 


Permeance as a Mix Design Criterion for Asphaltic 
Concrete Pavements. 

Construction, Protection, and Maintenance of Concrete 
Bridge Decks. 

Nebraska Experimental Asphaltic Concrete Resurfacing 
Project F-171(12) Part IV, Final Report. 

Synthetic Aggregate Seal Coats—Current Texas High- 
way Department Practices. 

Effectiveness of Absorptive Form Liner for Horizontal 
Surfaces. 

Half Cell Potentials and the Corrosion of Steel in Con- 
cheter 

Corrosion Autopsy of a Structurally Unsound Bridge 
Deck. 

Road Marking Materials. Interim Report No. 1. 

Correlation of Seismic Velocities with Earthwork Fac- 
tors. Final Report. 

Modification of Asphalt Cements for Improvement of 
Wear Resistance of Pavement Surfaces. 

Design, Building, and Testing of a Portable Polishing 
Machine for Pavement Evaluation. 

Bridge Deck Restoration—Methods and Procedures. 
Part I: Repairs. 

Techniques for Measuring Air Void Characteristics of 
Concrete. 

Bituminous Mix Density by Coated Specimen. 

Detection of Bridge Deck Deterioration. 

Review, Selection, and Calibration of Accelerated Wear 
and Skid Resistance Testing Equipment. 

Crushed Gravel Coarse Aggregate in Asphalt Concrete 
Pavements. 

Determination of Chloride in Hardened Portland Ce- 
ment Paste, Mortar, and Concrete. 

Soil Identification by Remote Sensing Techniques in 
Kansas, Part I. 

The Relationship of Skid Resistance to Petrography of 
Aggregates. 

Laboratory Study of the Effects of Environment and 
Construction Procedures on Concrete Pavement 
Surfaces. 
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PB 220086 
PB 220113 
PB 220115 
PB: 220172 
PB = 270212 
PB 220301 
PB 220387 
PB 220548 
PB 220549 
PBs 220550 
Stock No. 
BBY 217527 
PB 218138 
PB 218389 
PB 218808 
PB 218809 
PB 218925 
PB 219094 
PB 219095 
PB 219096 
PB 219097 
PB 219098 
PB 219627 
PB 219628 
PB 219629 
PB 219630 
PB 219631 
PB 219632 
PB 219633 
PB 219634 
PB 220676 
PB 220713 
Stock No. 
PB 218057 
PB 218337 
PB 219082 
PB 219121 


Selection of Optimum Binder Content for Bituminous 
Treated Bases. 

Factors Affecting the Durability of Concrete Bridge 
Decks—Normal vs. Thickened Deck. Interim Report 
No. 3. 

Investigation of Paints and Glass Beads Used in Traffic 
Delineation Markings. Phase 2. 

Retarders for Concrete, and Their Effects on Setting 
Time and Shrinkage. 

Effects of Dolomitic and Calcitic Limes on Strength 
Development in Mixtures with Two Clay Minerals. 

Shrinkage Compensated Cement in Cement Stabilized 
Base Course. 

Evaluation of Dielectric Measurement Apparatus for 
Determining Pavement Density. 

Effect of Gamma Radiation on Paving Asphalts. 

Improvements in the Rapid Analysis of Portland 
Cements by Atomic Absorption Spectrophotometry. 

Study of Wearability and Polish Resistance of Okla- 
homa’s Coarse Aggregates. 


TRAFFIC 


Geometric Design and Signalization Characteristics of 
Diamond Interchanges. 

Before-and-After Simulation and Field Studies of 
Diamond Interchange Operations. 

FLASH—A Cooperative Motorist Aid System. 

Design of a Safety Warning System Prototype for the 
Gulf Freeway. 

Development of a Technique for Digital Computer 
Control of a Safety Warning System for Urban 
Freeways. 

Judgment of Vehicle Speed and Traffic Patterns. 

Communication System Handbook for State Highway 
Departments (Complete Set of 4). 

Communication System Handbook for State Highway 
Departments. 

Appendix A—Data Base. 
Appendix B—Illustrative Study. 
Appendix C—Reference Material. 

Freeway Operations Study—Phase III: Interim Report 
4-1. 

Investigation of Capacity and Flow-Speed Relationshoip 
for Freeway Model. 

Cost-Effectiveness Evaluation of Freeway Design Al- 
ternatives. 

Extended Analytical Techniques for Evaluating Free- 
way Operations Improvement. 

Freeway Operations Study—Phase III; Interim Report 
2; Analytical Techniques for Ramp Control. 

Bay Area Freeway Operations Study—Final Report. 
Analytic Techniques for Evaluating Freeway Im- 
provements. Part I of III: The Freeway Model. 

Part II of III: On the San Francisco-Oakland Bay 
Bridge. 

Part III of III: On the Eastshore Freeway (I-80) 
Northbound. 

Two-Wire Emergency Call System. 

Speed Profiles and Time Delay at Rail-Highway Grade 
Crossings. 


ENVIRONMENT 


Development of Warrants for Rural At-Grade Inter- 
section Illumination. Interim Report. 

Roadside Vegetation. 

Urban Traffic Noise Reduction. 

Investigation of Novel Road Geometry Lane: Drop 
Study. 


PB 219237 
PB 219810 

PB 219811 

PB 219812 
PB 219813 
PB 219814 
PB *219815 
PB 219816 
PB 249817 
PB 219818 
PB 220090 
PB 220091 
PBs 220092 
PB 220093 
PB 220094 
PB 220459 
PB 220677 

Stock No. 
PBy 21722 
PB 221835 
PB 218857. 
PB 218913 
PB 219012 
PB 220135 
PB 220593 
PB 220594 
PB 5220595 
PB 220596 
Stock No. 

PB? 2118234 
PB 9218235 
PB 218822 
PB 220170 
PB 220199 
PB 220200 
PB 20215 
PB 220351 
PB 220371 


Evaluation of Soil Sterilant Herbicides for Roadsides. 

Air Quality Manual. (Complete Set.) 

Air Quality Manual. Vol. I—Meteorology and Its In- 
fluence on the Dispersion of Pollutants from High- 
way Line Sources. 

Vol. I—Motor Vehicle Emission Factors for Esti- 
mates of Highway Impact on Air Quality. 

Vol. UI—Traffic Information Requirements for 
Estimates of Highway Impact on Air Quality. 

Vol. IV—Mathematical Approach to Estimating 
Highway Impact on Air Quality. 

Vol. V—Appendix to Vol. IV. 

Vol. VI—Analysis of Ambient Air Quality for 
Highway Projects. 

Vol. VII—A Method of Analyzing and Reporting 
Highway Impact on Air Quality. 

Vol. VIII—Synthesis of Information on Highway 
Transportation and Air Quality. 

Effectiveness of Glare Screens. Research Report 1. 

An Experimental and Analytical Investigation of the 
Effect of Bus-Induced Aerodynamic Disturbances on 
Adjacent Vehicle Control and Performance. 

Measures of the Lateral Placement of Passenger Cars 
and Other Vehicles in Proximity to Intercity Buses 
on Two Lane and Multilane Highways. 

Application Hydrologic and Hydraulic Research to 
Culvert Selection in Montana—vVol. 1. 

Vol. Il_—Appendices. 

Simulation of Vehicle Impact with the Texas Concrete 
Median Barrier—Vol. I, Test Comparisons and Para- 
meter Study. 

Landscape Planting Species Survival. 


IMPLEMENTATION 


1972 World Survey of Current Research and Develop- 
ment on Roads and Road Transport. 
Aerotriangulation Analysis and Control Point Error 
Detection. 
Determination of Statistical Parameters for Bituminous 
Concrete. 
Evaluation of Bituminous Surfaces Using Finer Aggre- 
gates. Progress Report 1971. 
Rubber-Asphalt Binder Seal Coat Construction (Imple- 
mentation Package 73-1). 
Arizona Highway Maintenance Management Research 
and Development Project—Final Report. 
Handbook of Applications of Statistical Concepts to 
the Highway Construction Industry. (Complete Set) 
Part I—Initial Computations and Applications. 
Part II—Acceptance Plans. 
Part II—Practical Application of Advanced Sta- 
tistical Methods. 


PLANNING 


Development of an Urban Peak-house Traffic Model 
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